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Chapter 1

General Introduction

1.1Apatite-type Lanthanum Silicate and Lanthanum Germanate

1.1.1 Oxygen-ion Conductivity

The high oygenion conductivity in oxides having the apatiige
crystal structure was first reported by Nakayashal. in 1995[1], which
inspired motivation of a lot of researchers in the field of solid state ionics
to investigate apatiteype oxygenion conductorsREg 33+0.6x(X04)6004x
(RE =La, Nd, Smor Gd ; X = P, Si or \5&igure 1.2 shows the reported
conductivity curvesncluding other promising gsgenion conductors. As
seen in the figure, the apatilgpe silicate and germanate show higher
conductivity tran the wellknown ox/genion conductor, YSZ, especially
atintermediate temperaturels addition, the reported apparent activation
energies corresponding to the slopes of the conductivity curves are in the
range of 0.60.7 eV, lower than those of the Y$&Z1.0 eV). This is a great
advantage for demand of lowering the operating temperature of SOFCs.

Among the apatitédype ox/genion conductorslanthanumgermanate
and lanthanunsilicate Lag s3+06x(MO4)sO2x (M = Geor Si, 00x O ),1
have been mainly investigated both experimentally and theoretically due
to the highest conductivities in this class at intermediate temperatures

[1-3]. As shown in the Fig. 1.1, the conductivities of lanthanum silicate



systems show almost linear belwas with the activation energy of 067

eV. On the other hand, in lanthanum germanate systems, abrupt change in
slope of the conductivity curve (from 0.65 eV to 2.07 eV) is observed
around 700 °C irLa;o(GeQy)s03, While the similar activation energy is
shown at high temperatures (>700.°Dis slope change is reported to be
causedby the symmetry change from hexagonal to triclidigring the
secondorder phase transition, and the higimperature phase with gentle
slope is stabilized by cation doping, as seen in the conductivity curve of

the doped lanthanum germandteg 7551y >5(Ge()0: 5.
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Figure 1.1.1 The reported oxygerrion conducivities of lanthanum
silicate and germanate systems. The conductivity ofaother
well-known oxygenion conductor, YSZ is also shown for referencd3].



1.1.2 Crystal Structure
Lanthanum silicate and germanak&y s3.0.6x(MO4)sO2x (M = Si or

Ge, 00x O ) Have common hexagonal apatiyge crystal structures with
the space group R&n as the basic crystal structure. Figuré.3.denotes
the crystal structure of lanthanum silicate and germanate. In the crystal
structure, crystallographically equiesittwo La sitesof Lal and La2one

M site, and four O sitesf O1~O4exist The La2 sites are fully occupied,
while the Lal site has 17 % vacanciesj\Vat thex = 0 to satisfy the
charge neutrality condition. Three ofygenions (0X03) form theMO,
tetrahedra withM ions, andthe O4 columnsire formed bythe remaining
O4 ions aligned on the axis at even intervald¥hen thex composition
increasesinterstitial oxygenions are graduallyintroducedin the crystal,
andthe Laion fill in the Lavacancies to keep the charge neutrality. At the
composition ofx = 1, an @ ion are contained per unit celhdthe Lal
sitesare perfectly filled upThecomposition changesf x > 0 arereported

to drasticallyenhance the ggyenrion conductivity[4], which meansthe
interstitial oxygenions have the importantole for the fast oygenion

conduction in both systems.
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Figure 1.1.2 Crystal structure of lanthanum silicate and germanate.

1.1.3 Oxygen-ion Conduction Mechanism

As Q ions are significantly related to theymenion conduction in
the lanthanum silicate and germanate showed in the above subsection, a
number of experimental and theoretical works have been performed to
clarify the stable ¢ sites and theirconduction mehanisms In the
lanthanum silicate, the stable,Gsite is reported to be located at the
periphery of the O4 column in the neutron powder diffraction
measuremerib,6], which is also supported by several theoretical analyses

using empirical interatomic gtentials and firsprinciples calculations



[7-10]. From these reported;fpositions in the O4 column, the,Qons
are considered to migrate over a long range in the O4 column along the
axis as the dominant fasbnduction pathway. This conduction chanism
is reported to be a cooperative process with O4 ions,ad | e epullii p u s h
me ¢ h a nni Fggmb.3(a) although the calculated potential barrier of ~
0.3 eV is lower than reported experimental valj$dOn the other hand,
the different cooperativemigration mechanism$etween Si@Qtetrahedra,
fhandover me ¢ h a nn FgmMd.3(b) are also reporteth lanthanum
silicate with increasedthe compositionx, which is not mentionedhe
potential barriers

Similar investigations have also been perfornfied the lanthanum
germanate. The ion is reported to be stabilized not the O4 columns
but between two neighboring Gg@trahedra out of the columns by both
experimental and theoretical studifgis-13]. The dominant longange
conduction pathway iproposed between the Ggtetraheda along thec
axis by the interstitial mechanismmalledii f -ahn ke mechani smo
potential barrier of ~0.8 eW\n Fig.1.1.3(c)[12]. As another different
dominant cooperative conduction mechaniith several oygen ions
ARt ype priotheab plans(big.1.1.3(d))is also reportedy
increagng the compositionx, although the potential barrier is not
evaluated quantitativelld 3]. Therefore, the holistic dominant conduction
mechanism of opgenionsand the elationships between the compositions
and conduction mechanisrasenot clarified in the lanthanumilicate and

germanate.
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Figure 1.1.3 Conduction mechanisms imprevious works.

1.2 Outline of This Work

From the above brief overviewhe oxgenion behaviors have not
been clarified yet in the lanthanum silicate and germanate systems, though
a number of analytical works have been performed so fahdrmpresent
study, the oygenion conduction mechanisms in the lanthanum silicate
and germanate have been theoreticallyexamined on the basis of
first-principles calculations, torppose the true picture of ypgenion

conduction behavior in both systems. The outline of the presemt ihes
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follow.

At first, computationalmethodsinvolving the nudged elastic band
(NEB) methodandkinetic Monte Corlo (KMC) simulationsised in tis
study and their calculation conditions of each methar@ showedin
chapter 2 Next, energetically stablsites for the interstitial oxygeion in
both lanthanum germanatd,a;o(GeQ)sOs;, and lanthanum silicate,
La;o(SiO,4)s05, are investigate@dnd discussed the difference of the stable
sites between botthe crystalsystens. Based on thebtainedresultsof the
stable interstitial sites iha;o(GeQ,)sOs and Layo(SiO4)s0O5 in chapter 2
the oxgenion conduction pathwayand mechanismis both crystalsare
guantitatively evaluatedising the NEB methods and KMC simulations
from the energetic point of view iohapter4. In chapter 5, the same
investigations in chapter 4 performed for thag:{GeQ)sO, having
lanthanum vacancies in order to clarify the effects of the lanthanum
compositions for the oxygeien conduction mechanismsinally, the

brief summary of this study is provided in Chager
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Chapter 2

Computational Methodology

2.1 Interstitial Oxygen-ion Sites

Before finding the oxygenion conductionmechanismslow-energy
interstitial ox/genion sites were investigated usingthe structural
relaxation based on thast-principles calculationsln order torougHy
estimatethe stablesitesof interstitial oxygerions, initial interstitial sites
and crystal structurewere determinedby the potential engy surface
(PES) calculated bygtatic lattice simulationsuseal in the General Utility
Lattice Program (GULP) codel4]. As the shortrange and longange
interactions between constituent ipnghe twoebody Buckingham
potentials andhe Coulomb potentials weresedduring the calculations
respectively]9]. The shell models applied forionic polarization, where
an ionis considered to beonsised of the chargedshell and shell
connected by a harmonic spring5]. After the determinations for the
severallocal energy minimasites of the interstitial oxygenon in the
constructed PES, structural optimizatibg first principles calculatiors
wasperformedfor themwith the convergence condition afsidual forces
< 0.02 eVA for all atoms In this studyprojector augmented wave (PAW)
method using the VASP codeapplied for al electronic structure

calculations[16-21]. As valence states in the PAW potentidle 55, 5p,
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6s and 9l orbitals for La, 4 and $ orbitals for Ge3s and 3 orbitals for

Si, and 3 and 2 orbitals for O were treated’ he generalized gradient
approximation (GGA)was usedss the exchangecorrelation termd422].

The cutoff energyof expandeddectronic wave functions by plane waves
setto 400 eV. Supercells consisting olx1x2 or 1x1x3 unit cells of
[Las 33:(GeQ)sO2]?" or [Lagssw (SiOs)s02] % (x = 0 or 0.67)were used

as the host latticavith 2x2x1 k-point sampling.The accuracy of each
calculation cell used two host lattices are confirmed by comparing the
experimental data as shown Table 2.1.1, which is in god agreement

with the error from the experimental datahin 1 %

Table 4.11 lattice parameter oflanthanum germanate and silicate

Numerals in parentheses represent the experimental valy&g[11

BFEH Lap(Ge0,)s0; Layo(Si0,)¢0; Lag;3(Ge0,)s0,

a(=b)(A) 9.84 (9.93) 9.60 (9.71) 9.90 (9.91)
¢ (A) 7.30 (7.30) 7.19 (7.18) 7.25(7.30)

2.2 Oxygen-ion Conduction Pathway and Potential Barrier

After determination of thenterstitial sites and stable structures in the
crystals, the conduction pathways and mechanisms connecting interstitial
sites were investigated usiagd nudged elastic band (NEB) methdte

NEB method wasisedfor evaluation okenergy profiles for all the possible

14



conduction paths ofinterstitial oxygenions [23]. This mehod can
guantitatively evaluateninimum energy pag(MEP) andtheir potential
energy barries connecting the initial and final stateg¢hile the FPMD
simulations can qualitativelgrovide possibleconduction processes the
crystals. In the NEB method, mobile ions arrange at equal distances
between initial and final statess transition positions and connect each
neighboringion by imaginary springshownlike the figure 2.2.1Next,
the total force F; of each ionis calculatedby structural optimization
according to théollowing equation
"O n6'Y ne'Y 1 QY Y Y Y N
(2-2-1)
whereV(R) is potential surface on the positiéty g is unit vector of the
tangentialdirection for the mobile direction at positidt andk is spring
constant. The perpendicular forcemobile direction is evaluated liyst
and second termswhich means the each ion of transition state is
restrictedlyoptimizedon the vertical surfacef the mobile direction. The
third term indicates summation of spring forces connecting the
neighboringions along the tangential direction for the mobile direction
which keep each mobile ion at the equal interval duritrgicgiral
optimization. As the initial and final statesof interstitial oxygeron
conduction the stableinterstitial oxygensites determined in chapt@&
were usedThe eachatomic position oftransition state were optimized

with the convergenceondition ofF; < 0.05 eVA.
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Figure 2.2.1 Restrain condition of calculation ions in the NEB method
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2.3 Oxygen-ion Conductivity

The KMC simulations wereconductedin order to estimatethe
oxygenion conductivites in the crystabk [24,25]. In this simulation the
mobile ions and their interstitial siteset in the crystad based on the
results of the chapter 3 andad first. Next, the jump events to the next
neighboring sitevereperformed formobileions, whichwasstochastically
determinedfrom the mean jump frequencys)( calculaed from the
potential barrier @E of each conduction patlay by the following
relations

v AP0 d@QY, A3-1)
wherethe Boltzmann constam represented bk , T is the temperature,
andthe vibrational prefactds denoted by ‘that was set to be 10THz.
After repetition of these jump eventhie oxgenion diffusivities were
calculatedoy thedefinitionalfollowing equation:

O =1Eb G jTc0 @ (3-2)
Wherea direction in the crystas denoted by, andthe shift vector and
times aftern-times jumprepetitionsof x-componentare represented by
rv.n andt,, respectivelyAfter the carefully checking the convergence of
the evaluatediffusivities, he KMC simulationsteps,n, were determined
to 1 x 10 steps. Theaveraged diffusion coefficients are calculated after
10,000 timesepetitionsper atrial in the range ofemperature from 500 to
1500 K. The oxgenion conductivities were finally giverirom the

calculatediffusivities by the followingequations

17



6 =cO 1Q°Y 2(3-3)
., =¢® o0 , (2-3-4)

whereB, 2e, ( andC is the mobility the charge ofinterstitial oxygenions,
the ox¥genion conductivity, andhe concentration ohterstitial oxygen

ions respectively
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Chapter 3

Interstitial Oxygen-ion sites

3.1 Stable Interstitial Sites and Local Structures in

La10(Ge04)603

Figure 3.1.1a showsthe moststable site of interstitial ox/genions
descried on the unit cell structure, which wedeterminedby the
first-principles calculations All the crystallographically equivalent
interstitial oxygerion sites arsuperimposeth the figureaccording to the
P6s/m symmetry. Theinterstitial oxygenions are located athe highly
symmetric position (0.5, 0.5, 0) in the fractional coordinatastingsix
equivalent sites per unit cell. As the structurally optimiloezhl structure
of Fig. 3.1.1b, the interstitial oxygemon forms a Gg)y unit with two
neighboring GeQtetrahedra where thaterstitial oxygenon is located at
the center between theawzeQ. The distancebetween two Ge ions and
the interstitial oxygefion in the GgOq unit areboth 2.09 A and the other
eight GeO distances are in the range from 1.8 A to 1.9 A, which are
longer than those of GgQetrahedra in the structure of @5eQ,)s0,
without an interstitial oxygenion (1.7 A to 1.8 A).Similar local Ge,Og
unit was also reported in static lattice simulations of H&eQ,)sO, by
Kendricket al[12].

Interstiial oxygenion sites betweemeighboring Ge@ tetrahedra

19



were theoretically and experimentally reported by Orera et al and
Pramanaet al, respectively [126]. They perforned the static lattice
calculatiors based on empirical intatomic potentialsand the neutron
powder diffraction measurementsiowever, thelocal structures around
interstitial oxygenions were expressed as Gelexahedra instead of
Ge0Oy units in these papers, because theerstitial oxygenion was
deviated from the center between the two G&fward one Ge@Qunit.
Pramanaet al reported that the deviation afiterstitial oxygenion site
from the center is 0.45 A, which seems not tocbmcidewith the most
stableinterstitial oxygerion sites in tis study. Howeer, it was also found
from our investigationghat theinterstital oxygenrion site is not unique at
that site and those having similar total energies (less than 0.08 eV
difference) are located within a radius of ~ 0.3 A from thenter stable
site (0.5, 0.5, 0)Moreover the averaged position of tieterstitial oxygn
ion observed in the FPMD simulations for 90 ps at 1000 K was almost
(0.5, 0.5, 0) and the spatial distribution of theerstitial oxygenon during
the FPMDcalculationsnverealso almost centered at the avehgesition.
These results indicate the egetically favorablezone to interstitial
oxygenions widely ranges around (0.5, 0.5, 0) between two Gsfds.
Therefore, the devian of theinterstitial sitsin the previous experiments
may result from locally low symmetry bynpuritiesand/orpoint defects
In fact, theinterstitial oxygeron sitewasreported to beleviaked from the
center position iLagBa(Ge()sO,+0.5 andLagY o(GeQ;)sO3 containing

BaandY dopants bysomecomputational studies [125]. The differences

20



in the interstitial oxygenion site betweermur computational studiesnd

their experimentatan berecognizedas the reasonable.
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Figure 3.1.1(a) All the interstitial oxygen-ion sites in Lao(GeO,)s0s.
The local structure around an interstitial oxygenion at (b) (0.5, 0.5, 0)
with Ge,Og unit and (c) the asymmetric interstitial site found by
calculations by using 1x1x3 unit cells. The red and blue balismiean
the regular and interstitial sites of oxygenrions, respectively. Numerals
representbond lengths (A) and the numbers in parentheses denote the
atomic coordinates of oxygerons.
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3.2 Stable Interstitial Sites and Local Structures in La;o(Si04)e03

Figure3.2.1a shows the most stable and metastalésof interstitial
oxygenions The crystallographically equivalennterstitial oxygerion
sites are showmn the figure by the same colgmccording to the Rfin
symmetry. Thanterstitial oxygenonsin La;o(SiO)sO3 are located atwo
areas i.e., the most stableonesand the metastablzones. In the most
stable zone, equivalent six sites (Q site: blue balls)with the
representative position (0.04, 0.04, 0.01) in the fractional coordarate
closelylocated at the periphery of the O4 columimsthe metastable zone
on the other hand, two metastal¢erstitial sites (Q,-2 site: dark gray
balls, Q-3 site: light gray balls) are located between two,3&Yahedra,
whosepositions andsite energies ar€0.46, 0.43, 0.00)vith 0.29 eV ad
(0.50, 0.47,-0.02) with 049 eV againstthat of the most stablesite
respectively. Theeachpositionsof the metastable sitege deviated from
the centerposition (0.5, 0.5, 0)of two SiQ, tetrahedra to a SiO
tetrahedron, forming a Sihexahedrasshown in Fig.3.22b. These two
stable zones for interstitial oxygenions in the lanthanum silicate are
reasonably consistent with the previouslyreported interstitial
oxygenion sites in both experimental and theoretisaidies, although the
reportedfractional coordimates are deviatedlightly from those in tfs
studybecause dthe effectsof dopantsandor La vacancie$5,1027].

In this study, the interstitial sites in 1g8Ge0,)¢0; and Lay(SiO4)e0s

indicate the large differences although the ap#jpe crystal structures

23



are the same between two crystdlhe interstitial oxygenions in
La;o(GeQ)sOz are the most stabilized between neighboring two SeO
tetrahedra with the local structures of,Ggunits. As evaluation of the
stability around GeQ, tetrahedra, thestructural optimization was
performed for the crystal structuwath the interstitial oxygenon located

at the O4 column which is the most stable interstitial site ig(&80,)s03,
howevae, the interstitial sitedid not exist by relaxing thenterstitial ions
toward the GeQtetrahedra. On the other hand, tinéerstitial sites in
La;o(Si0y)s0O; are located aboth the surroundof the O4 column and
interspace of two Sigtetrahedraas the most stable amgetastable sites,
respectively. These differences of the interstitial sites between the
La;o(Ge(Q)sO3 and Lay(Si0,)¢0Os are considered taesult from the gap
between the bondingfrengtis of GeO and SiO for the interstitiabxygen
ion. While Ge iors around the interstitial oxygaon in La;o(Ge()sO3 are
comparatively coordinated toulti-O ions like the local structure of
Ge,Og unit, Si ionsare less coordinated with ions than that of Ge ion
La;o(Si0y)s03, Which results in thastability of theinterstitial sitein the
04 column without SO bodings egeed that of the local structures of
SiOs hexahedra or 8Dy units. In fact, comparing theost stable phases
between Ge@®and SiQ oxides, SiQ is stabilizd as thequartz structure
with fourfold coordinated Sions although the most stable phase of &eO

is therutile structure havingixfold coordinated Ge ions
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(a) (b)

R ~

Most stable zone

Figure 3.2.1 (a) Most stable and metastable sites ahe interstitial
oxygenions in the lanthanum silicate. The blue ballndicates the mos$
stable site of O;-1 site and the two metastable sites of0,-2 and
Oint-3 sitesare denoted bythe dark and light gray balls, respectively.
The most stable and metastable zon@se described by the Solid and
dotted circles. The local structure around an Q-2 ionis shown in(b).

25



Chapter 4

Conduction Mechanism of Interstitial Oxygen lons

4.1 Lalo(GeO4)603

4.1.1 Oxygen-ion Conduction Mechanisms

From the obtained interstitial stable sitasgrationpathwayshetween
neighboring interstitial sites were subsequenthcalculated with their
energy profilesusing the NEB methadin the present studysimple
interstitial conductionmechanism andooperativemigration mechanisms
by several @aygen ions wereconsidered The migration paths by the
interstitial and cooperativiaterstitialcy mechanismsalong thec axis with
their energy profileshow in Fig.4.1.1 Figure 4.1.1a showhe interstitial
mechanismwhere the interstitial ion moves at the circumference
GeQ, tetrahedron tao directly into theadjacentinterstitial site havinga
large 1.27 eV of thepotential barriershown in Fig. 4.1.1cFig. 4.1.1b
show on the other handthe cooperive migration involving the two
oxygen ions at theregular and interstitial sites was considered. In this
conduction theinterstitial ion goes along the axis and pushes the other
oxygenion at the regular site into tregljaceninterstitial site (Fig.4.1.2.
Then it was found that thevaluaed potential barrier is 0.64 efgolid
line in Fig. 4.1.1¢) almost a half inthat by the interstitial mechanism.

Thereforethe dominant lng-range conduction pathway woiterstitialions
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along thec axisis given by theepetition of thiscooperative mechanism
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Figure 4.1.1The migration trajectories of oxygenion along thec axis

by (a) the simple interstitial and (b) the cooperativemechanisms. The
yellow and blue spheres mean the trajectories of the migration paths

and interstitial sites respectively.(c) The energy profiles during the

migrations. The interstitial and the cooperative mechanism are
described as broken lineand solid line, respectively The numbers of
the yellow spheresdenotethe image numbers.
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image=4 image=10

Figure 4.1.2 The migration processes along the c axis by the
interstitialcy mechanism. The image = 0, 2,4, 10 in Fig. 3care
described (i) ~ (iv), respectively The mainly mobile oxygenions are
represented bylight and dark purple spheres O,y and O;,; denotethe
oxygen ions at regularand interstitial sites, respectively.Moving
directions during the conduction are shown by the arrows

28



Secondly, oyxgention migrationin theab plane was investigatedhe
migration paths in the ab planeconnecting themigration pathwaysalong
the c axis are shown in Fig4.1.3 Figure 4.1.3ashow te migration
process by the interstitimonductionmedanismconnectingthe adjacent
interstitial sites in theab plane.The conductinginterstitial ion is located
far from any GeQ tetrahedrabreaking the GeO bond during the
transition statein this process when the calculated energeglativdy
becomesthe highest (55 eV in Fig. 4.1.%). In the cooperative
conductionprocess inluding three oygenions attwo regular sites and
one interstitial site as shown inFig. 4.1.3, on the other handthe
interstitial ion pushedirstly an o¥genion at a regular site in the same
Ge0y unit toward theadjaceniGeQ, tetrahedron. The ggenion pushed
out from the GgDy unit tends to occupy the regulaxygenion site of the
adjacent Ge@tetrahedron, and the former regutetygenion of the GeQ@
tetrahedron insteadhigratesto the nearesinterstitial site. Though tls
cooperativeconduction procesby threeoxygenions isnot simple the
potential barrierdecreaseso 1.17 eV for theinter-channeloxygenion
migrationsin the ab plane However,the potential barriein the ab plane

is still higher than that along tteeaxis.
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Figure 4.1.3(a)(b) The conduction pathwaysof oxygenion conduction

processedetween the adjacent interstitial sites in theab plane by (a)

the interstitial and (b) the interstitialcy mechanisms. Theevaluated
energy profiles in the twomigration processesre shown in(c).
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La;o(Ge)sO3 seems tdhave the significantanisotropc migrationsof
oxygenion along thec axisaccording to the above resultls our previous
FPMD calculations,however, additional migration pathwa in the ab
plane was also observed, shown in Big..4and4.1.5 In this conduction
path four oxygen ionsat oneinterstitial two regular sites in GeQO
tetrahedra, anebne O4ion are cooperativly migrated which can be
mentioneda s  fA-noMybenhi on cooper at iDurengthme c han |
migration process, the O4 ioneighboringto theinterstitial ion gets out
from the O4 column to form a GeQ@nit as the first stefpFig. 4.1.5ii)),
andFig. 4.1.5iii) showsanoxygenion in a GeQ tetraherorat the regular
site subsequently moves intioe vacant site gahe O4 column. Then, the
GeQ unit aresimultaneously formetb a GeOg unit with aadjacenGeQ,
unit and theoxygen ion abriginal interstitial site occupies the regular site
in GeQ, tetrahedra(Fig. 4.1.5iv)), finally to complete theconductions
processes ohterstitial oxygenion. During this complicatednigration a
metastable statexistswhentwo GeQ units aretemporarily formed as
shown in Fig4.1.5ii). The potential barrieof this conduction pathwais
evaluated0.76 eV, which is much lowepotential barrierthan the
interstitial and cooperative mechanisasshown in Fig4.1.3 Therefore,

A mu-lokygeni on cooper at ivia ©4 colanonbaserthe s mo

dominantpathwaysn theab plane
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Figure 4.1.4(a)(b) The conduction pathwaysof the migration process
via the O4 column. The yellowand blue spheres meanthe trajectories
of oxygen ions and the interstitial sites respectively. Thecalculated
energy profile is shown in(c). Four elementary processesluring the

migrations of (i) ~ (iv) are shown in the figurg(c).
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image=7 image=13

Figure 4.1.5 The detailed migration processvia the O4 column The
mainly mobile oxygen ions are denoted byblack, gray, orange, and
purple spheres during the migrations. The snapshotsof (ii) is the
metastable state (image 5) andiii) indicates the highest potential
energy state (image 7)O, and Oy, denotethe oxygen ions at regular
and interstitial sites, respectively. Moving directions during the
conductionare shown by the arrows
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4.1.2. Oxygen-ion Diffusivity and Conductivity

Diffusion simulatiors of the mobile interstitial oxygen ionwere
performedon thebass of the KMC method toevaluatethe oxgenion
conductivity in Lay(GeQ)sOs. In this simulation the cooperative
migration mechanism#$aving thelow potential barriers below 1 eWere
taken intoaccount The ox/genion conductivities along the axis and in
the ab plane are shown inFig. 4.1.6 The apparent activation energies
corresponding to the gradients of slope in the conductivity clorgy the
c axis and in theb planeare 0.67 eV and 0.75 eV, respectively, which are
almostcorrespondo the potential baiers of thelong-range conductions
along thec axis and via the O4 columioy the cooperative mechanisims
respectively. The averageonductivity which means the conductivity in
realisticpolycrystalsrandomlyoriented is alsoindicatedby broken linan
the figurewith theapparent activation energy 0.71 eV.

Although the almost isotropic conductiviy are found by fihe
multi-oxygenion cooperative mechanignn theab plane the conduction
pathwaysalong thec axis remaindominantslightly in the range othis
temperatureparticularly at the low temperatureone The event rates of
the migration stepsalong thec axis and via the O4 column dhe
temperatures o600, 1000 and 1500 kKhow in Table 4.11. In the
migration processvia the O4 column with a metastable state, four
elementary stepsxist(See Fig4.1.4&), i.e., (i) from the initial state to the

metastablestate (ii) from the metastablstatebackto the initialstate (iii)
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from the metastablstateto the finalstae (equivalent to the initial), and
(iv) the final stateto the metastablstate In the figure, he evaluated
potentialbarrier heightof eachstepwhich arereferencd to thepotential
barrier ofinitial states aradditionallyindicated From the figureand table,
it is found thatthe difference in the mean frequaes of each step
evaluatedfrom the potentialheights result inhe dscrepancybetween
event rates of thenigration processesEventratesof the steps (i) and (ii)
arequite highcompared to the othsteps howeverthesetwo stepsare the
repeatingstatesonly between the initial and metastable statekjch
means the high rates steps (i) and (ijarenot contributing tamigrations
for long rangediffusions Therefore, steps (iii) and (iv) aratecontrolling
processesn it h e -oxggeh ibni cooperative mechanignvia the O4
column, whose event rates should be compared thahof conduction
along thec axis. Comparing the event rates at 500 K, thossteps (iii)
and (iv) is lower than that along tleeaxis by oneorder of magnitude
which suggeststhe conductionsalong the ¢ axis is dominant.The
discrepancyf mean frequenesbetweerconductions along theaxis and
via the O4 columndecreaseswith increasing the temperaturghich
resuls in almost equakvent rates andgotropic oxygenrion conductivity

aroundl500 K.
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Figure 4.1.6 The calculated oygenion conductivities along the c axis
(blue line), in the ab plane (purple line) plotted against the inverse
temperature estimated by the KMC simulations The average
conductivity is denoted byred broken line.
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